As users in a GPRS/EGPRS network have different Quality of Service (QoS) demands, the network aims to satisfy their demands while maximizing the utilization of the existing resources. A crucial aspect of the resource allocation problem in cellular data networks is the admission control (AC). We propose a new session admission control algorithm that overcomes most of the difficulties encountered by the existing AC algorithms. The novelty of our approach is the use of fuzzy logic (fuzzy inference) for the AC. We demonstrate the efficiency of our AC algorithm by simulations.
Introduction
In order to satisfy the different QoS requirements of the users of a cellular data networks (and their applications), the resource allocation problem plays a crucial role, with a focus on the allocation of the scarce radio resources. This problem can be split into admission control -the decision to admit or to reject the request of a user (a Mobile Node or MN) to enter into the network -and transmission control: how to share the network resources among the admitted users.
In this work we focus on General Packet Radio Service (GPRS) [1, 2] , and on Enhanced GPRS (EGPRS) [5] , but the resource allocation algorithms that we are developing can be also applied to other cellular data networks. In [13] , [3] , we have investigated different algorithms used for transmission control, while in this work we focus on the admission control problem, proposing a new admission control algorithm for GPRS/EGPRS networks.
The paper is organized as follows: next section describes our model for resource allocation in GPRS/EGPRS, Section 3 briefly presents the problem of AC in cellular data networks, while the Section 4 contains our fuzzy logic admission control algorithm. The simulation results are shown in Section 5 and the paper ends with a section of conclusions.
GPRS/EGPRS resource allocation model
We consider a (E)GPRS cell and a number of Mobile Nodes (MNs) in the cell. The MNs want to transmit or to receive data. Before beginning a data transfer session, an MN has to be admitted into the system, which is, it has to activate a PDP (Packet Data Protocol) context. The nodes involved in the PDP context activation procedure are the MN, the Serving GPRS Support Node (SGSN), and the Gateway GPRS Support Node (GGSN), the main role being taken by the SGSN. After the PDP context activation, the Base Station Subsystem (BSS) that serves the cell where the user is situated will have to provide the radio resources for that MN. There is another level of admission control in (E)GPRS, the TBF (Temporary Block Flow) establishment, which is a link level AC and consists of allocating physical resources to a MN that has data to transfer. Here we consider that the BSS will accept all the TBF requests from the admitted nodes.
The radio resources are represented by up to 8 Packet Traffic Channels (PTCH) per carrier, available every 20 milliseconds. The Packet Control Unit (PCU), part of the BSS performs the transmission control. The algorithm used for transmission control in this work is the Weighted Round Robin (WRR), and the mobile nodes have different weights, according to their QoS class.
We have modelled the resource allocation problem using a discrete event simulator, the OMNeT++ [14] . A simulation model in OMNeT++ consists of a set of modules (nodes), that communicate through messages In our model, there is a fixed number of MN modules, each such module can be either free (empty) or occupied by an admitted MN. The other modules are the PCU, the user generator, the stat node and the admission controller. The PCU implements the transmission control algorithms, while the admission control node implements the admission control algorithm. The user generator generates mobile nodes at certain time intervals, according to different probability distribution functions (pdfs). Also, it provides the MNs generated with different characteristics: the QoS profile, the amount of data that the MN wants to transfer, the pattern of the data generation process (the MNs' data source behaviour), the mobility pattern of the MNs, etc. Concerning the mobility, a MN can start its session in the current cell, or it can come from another cell (a handoff MN).
A MN created by the user generator is sent to the admission controller module, which decides if the user will be accepted in the cell or if it will be rejected. If accepted, the MN will occupy a free MN module and it will begin its data transfer session, according to its characteristics. The information regarding the simulation is collected by the stat node.
The model for a MN module consists of a data generation, a file buffer, which stores the "files", a data packet buffer (where the radio blocks are stored), a sink and a handoff node (to model the situation when the user leaves the cell before the data session has finished). A "file" in our model can correspond to a real-life file, to a group of files (e.g., a web page), or to a part of a file, like a frame in a streaming session.
Admission control in cellular data networks
The admission control in data mobile network combines the requirements of AC techniques used for wired data networks (like ATM) and of AC used for mobile voice networks (e.g. GSM). The problem of users' mobility is the same in mobile data networks like in mobile voice networks, but the traffic characteristics and the flexibility of resource allocation are much more complex than in the case of voice. It means that, the two main target parameters of AC algorithms used for voice mobile networks, the call dropping probability and the call blocking probability also play a very important role in mobile data networks, like GPRS or EGPRS. But the extra complexity is given by the fact that most data applications demand a variable amount of network radio resources, while for voice calls, the same amount of resources is allocated for the entire duration of the call. It means that, in addition to the call dropping and call blocking probability, the network has to ensure the negotiated QoS to the admitted users.
AC algorithms have been intensively studied for ATM networks [9] , but most of the AC techniques developed for ATM can not be directly applied to mobile data networks, mainly because the AC algorithms used in ATM have to deal with other critical network resources, (the buffer occupancy), while in mobile networks the most critical are the radio resources.
The most interesting works concerning the AC for mobile data networks propose admission control methods based on thresholds [10, 11] , [7] , [6] . Different AC policies are used for different regions. The regions are separated by thresholds and are based on network load [7] , [10 11 ], or on the number of users from each traffic class [6] . The main problem of those approaches is to determine the values of the thresholds. The authors of [6] use complex mathematical techniques, while in [7] the authors simply assign heuristic values for the thresholds. In [10, 11] , the available bandwidth is divided into regions that can be shared by users from adjacent traffic classes, but each class has a minimum bandwidth guaranteed. The authors do not specify the values for the thresholds that separate the bandwidth regions.
We believe that fuzzy logic can improve the AC algorithms based on thresholds: instead of determining or assigning an optimum value for a parameter like network load or number of users from a certain class, we propose to define those parameters as fuzzy linguistic variables and to separate their domains into linguistic terms that overlap. For example the terms for the linguistic variable network load can be small, medium and high, but the transition from small to medium or from medium to high network load is not a sharp value, but a region, that will ensure a smooth transition from the policies associated with those network loads.
Another interesting AC method is proposed in [4] , based on Markov Decision Processes (MDPs). The drawback is that, for real-life problems, the number of states in the Markov model becomes too large. This drawback can be eliminated by a fuzzy logic based AC algorithm, because the fuzzy inference is by far less computationally intensive than the solutions based on Markov models.
Many AC proposed in the literature assume that the pdfs of a series of parameters (traffic characteristics, call durations, cell residence time, etc) are of Poisson type or that they can be described by Markov Modulated Poisson Processes (MMPP). Those assumptions are made in order to obtain mathematically tractable forms for the AC problems, but are not always accurate for data users. A fuzzy logic based solution for AC does not have to rely on such assumptions concerning the pdfs of the parameters involved in admission control. Another important advantage of fuzzy based AC is that the expertise of the network operators can be directly transposed into fuzzy if-then rules, without the necessity to use mathematical techniques like queueing or Markov models.
Fuzzy logic based admission control

Fuzzy inference
A fuzzy set with elements from a universe of discourse is a set whose membership function takes values in the interval [0, 1], instead of taking only the discrete values {0,1}, as is the case for non-fuzzy (crisp) sets. This means that an element from the universe of discourse belongs to a fuzzy set in a certain degree, between 0 and 1, while for crisps sets, an element either belongs to a set, or it doesn't belong to that set.
A fuzzy rule can be expressed in the form "if premise then conclusion", where the premise can be simple or composed. If composed, it can be expressed in the form premise = premise 1 AND premise 2 OR ... premise n , where the logical operators AND, OR, NOT can be used for composition. Each simple premise and the conclusion contain a linguistic variable (a variable whose values are not numbers, but terms of a language), each linguistic variable having a set of terms. For example a rule can be in the form "if network load is high AND MN's precedence is low then admission decision is strong reject". The linguistic variables in premises are network load and MN's precedence, having the terms {low, medium, high}, and the variable in conclusion is the admission decision, with linguistic terms {strong reject, weak reject, weak admit, strong admit}. The terms of a linguistic variable are fuzzy sets with the same universe of discourse.
Fuzzy inference is the process of composition between facts and rules. Given a fact A' and a rule R A→B , the consequence of the rule, B', is obtained as B'= A'○ R A→B .
We use the computational procedure proposed by Zadeh [15] for the fuzzy inference. According to it, the membership function of B' is )) , ( (4) . If the premise is composed, the degrees of activation of each of its simple premises are combined through logical operators. In this work we use only the AND operator, which is implemented by minimum.
Usually an input fact activates several rules, but in different degrees, and the consequents of all active rules are combined through the union operator (implemented as a maximum between the membership functions of the partial conclusions). The result of the fuzzy inference obtained in this way is a fuzzy set. When the result of the inference process has to be a crisp value, a defuzzificatioon procedure is applied to the obtained consequence. The defuzzification consists of an averaging procedure, the most widely used being the centre of gravity method.
Our Fuzzy AC algorithm
The purpose of the AC algorithm is to admit only as many MNs as the QoS requirements (in our case, the delay) of the MNs can be met. In the case of GPRS radio blocks, that have a fixed length, WRR is a very good approximation of the Fluid Fair Queueing (FFQ) idealized algorithm, which means that the sending delay experienced by MN j using WRR is given by the expression:
where Sending_delay j is the time necessary to transfer a file of length FL belonging to MN j from QoS class i , k i is the number of MNs from QoS class i, while W i is the weight assigned to a MN form class i. The sum is obtained from all MNs that are active (are currently sending or receiving data). B avr is the average number of channels allocated for GPRS and cntr_cycle = 20ms.
We define network load as the sum of MNs weights (in the WRR algorithm) for all active users, divided to the number of channels available for data traffic:
It results that the delay for each QoS class is proportional with the network load, and the task of keeping the transfer delay experienced by MNs in the limits given by the QoS requirements is equivalent to the task of maintaining the network load in certain intervals.
Our AC algorithm will use a fuzzy logic controller (FLC) with network load and MN's precedence as inputs, and the output of the FLC is the admission decision for the new user. Actually the FLC network load input will be the existing network load plus the contribution of the new user (its weight divided by the number of GPRS channels). A linear function maps the target network load to the middle of the interval [0,m] (see Figure 1) , and the FLC will try to maintain the load around this value. If the FLC output is less than m/2, the user will be rejected, otherwise it will be admitted.
The FLC used in this work is based on a description from [8] and was previously presented in [12] . The linguistic variables in premises are network load and mobile nodes precedence, both having the terms small (S), medium (M), and high (H)¸ while the linguistic variable in conclusion is admission decision, with the terms strong reject (SR), weak reject (WR), weak admit (WA) and strong admit (SA). Table 1 shows the set of 9 rules used to implement the fuzzy AC algorithm. Figure 1 shows the shapes of the linguistic terms in premises, and Figure 2 presents the linguistic terms in conclusion, where a1, a2, a3, b1, b2, b3 and b4 are parameters. The domains U and V of the linguistic variables in premises and conclusion respectively are mapped in our FLC to the closed It can be seen from Table 1 that, when the network load is low, all users are accepted, when the network load is medium, then the low precedence mobile nodes are rejected, while when the network load is high, only the high precedence MNs are accepted.
In our simulations, the values for the parameters are the same in both premises and are given by: m=63, a1=m/4, a2=m/2, a3=3m/4. The parameters in conclusion are: b1=8, b2=16, b3=40 and b4=48. 
Simulation results
The results that we will present here demonstrate the capability of our fuzzy AC algorithm to maintain the network load close to a target value, and more important, to maintain the transfer delays close to a target value for each QoS class. Also, we compare the fuzzy AC algorithm with a non-fuzzy algorithm based on fixed thresholds in terms of transfer delays and call blocking and call dropping probabilities.
The simulation setup
The MN creation period is a random variable having an exponential distribution. Modifying its mean value, we can change the generation rate and hence, the offered network load. The MNs belong to three QoS classes, based on their subscription, QoS 3 corresponds to premium users, QoS 2 to standard users and QoS 1 to economy users. Their weights in the WRR algorithm are 1 for QoS 1, 2 for QoS 2 and 4 for QoS 3. From all MNs generated, 10% belong to QoS 1, 80% to QoS 2 and 10% to QoS 3. All MNs have the same traffic characteristics: they generate 5 files, the length of a file being 5 data blocks (5*181 bits with coding scheme 1). A new file is generated after the previous file has been successfully transferred. The stat node records the transfer delay of each file and then determines the average value for that MN. All the 8 channels in the cell are allocated for data traffic, which means that in equations (5) and (6) , B avr = 8.
In this work we chose a precedence function that gives a very high value to the handoff MNs (the MNs that come from other cells), such that all handoff MNs will be admitted, even if the network load is very high. In this way, the dropping probability will be zero for all QoS classes in our AC algorithm. The precedence value assigned is low to medium for QoS 1 MNs, medium for QoS 2 and medium to high for QoS 3 MNs. The percentage of handoff MNs becomes an important parameter of our simulation. We can increase the network load either by increasing the percentage of handoff MNs at the same generation rate, or by modifying the generation rate at a fixed percentage of handoff MNs. In this work the percentage of handoff MNs is constant 25%, and the mean value of the generation rate is modified between 130ms to 330ms. If the mean value is 100ms or below, the network becomes instable, while if the mean value is larger than 330ms, the blocking probabilities will be zero. The simulation stops after 4000 MNs have been generated. On the next figures, the X axis represents the simulation time.
The results
We want to maintain the average delay of QoS 3 users close to 500ms. Replacing sending_delay j = 500ms in equation (5), we will obtain a target network load of 5 (the definition of the network load is given in equation (6)). Figure 3 shows the behaviour of the fuzzy AC for a very high offered network load: the mean user generation rate of 180ms. The values for average transfer delays from Figure 3 clearly show the QoS differentiation between users, the delay values being around 500 ms for QoS 3 users, around 1000 ms for QoS users and around 2000 ms for QoS 1 users. The mean of the average delay values for QoS 3 users is 534 ms, which is only 7% higher than the target value of 500ms. The results can be improved if a bandwidth adaptation algorithm similar to those from [6] is used during the congested periods. Such an algorithm will increase the bandwidth allocated to the high precedence MNs (the weight in our case) and will decrease the bandwidth allocated to medium and low precedence MNs.
Average total delays for QoS classes
We have compared the performance of the fuzzy AC algorithm with the performance of non-fuzzy AC algorithms, based on thresholds. Figure 4 shows the delay for QoS 3 class for the fuzzy AC (dark line) compared with the delay in case of a non-fuzzy algorithm where the low, medium and high network loads are separated by thresholds situated in a1 and a3 (see Figure 1) . The superiority of the fuzzy AC is clearly shown. Also, the call blocking probability for QoS 3 users is much higher for the non-fuzzy FLC (0.25 for non-fuzzy and 0.03 for fuzzy AC). Another possible choice for the thresholds between the different regions of the network load are at the intersection between fuzzy sets low and medium, and between medium and high ( Figure 1 ). As expected, the behaviour of this non-fuzzy algorithm is very close to the behaviour of the fuzzy AC algorithm, obtaining similar values for delays, but the call blocking probability for QoS 3 class is much better for the fuzzy AC: 0.28 for non-fuzzy versus 0.03 for fuzzy AC. 
Conclusions
We have shown by simulation the effectiveness of our fuzzy logic based admission control algorithm, even when the generation rate of mobile nodes is very high. Our algorithm is capable to maintain the QoS targets for users and to ensure QoS differentiation. The call dropping probability is zero and the call blocking probability for high precedence users is very low (less than 3%). The algorithm uses the framework of fuzzy logic to extend the AC algorithms that apply different admission policies for different regions. The use of fuzzy logic eliminates the need for determining sharp thresholds that separate the regions. Our results show that the fuzzy based algorithm performs better than the non-fuzzy, threshold based algorithms. As future work, we will test our algorithm using more complex simulation scenarios, putting an emphasis on the study of the precedence values assigned to mobile nodes.
